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Dorsoventral specification of the zebrafish gastrula is governed by the functions of the dorsal shield, a region of the embryo
functionally analogous to the amphibian Spemann organizer. We report that the bozozok locus encodes the transcription
factor nieuwkoid/dharma, a homeobox gene with non-cell-autonomous organizer-inducing activity. The nieuwkoid/
dharma gene is expressed prior to the onset of gastrulation in a restricted region of an extraembryonic tissue, the yolk
syncytial layer, that directly underlies the presumptive organizer cells. A single base-pair substitution in the nieuwkoid/
dharma gene results in a premature stop codon in bozm168 mutants, leading to the generation of a truncated protein product
hich lacks the homeodomain and fails to induce a functional organizer in misexpression assays. Embryos homozygous for
he bozm168 mutation exhibit impaired dorsal shield specification often leading to the loss of shield derivatives, such as
rechordal plate in the anterior and notochord in the posterior, along the entire anteroposterior axis. Furthermore, boz
omozygotes feature a loss of neural fates anterior to the midbrain/hindbrain boundary. Characterization of homozygous
utant embryos using molecular markers indicates that the boz ventralized phenotype may be due, in part, to the
erepression of a secreted antagonizer of dorsal fates, zbmp2b, on the dorsal side of the embryo prior to the onset of
astrulation. Furthermore, ectopic expression of nieuwkoid/dharma RNA is sufficient to lead to the down regulation of
bmp2b expression in the pregastrula. Based on these results, we propose that gastrula organizer specification requires the
ieuwkoop center-like activity mediated by the nieuwkoid/dharma/bozozok homeobox gene and that this activity reveals
he role of a much earlier than previously suspected inhibition of ventral determinants prior to dorsal shield
ormation. © 1999 Academic PressKey Words: Nieuwkoop center; homeodomain; nieuwkoid/dharma/bozozok; BMP; zebrafish.
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oINTRODUCTION
The proper specification and regionalization of the verte-
brate dorsal embryonic axis rely on the essential functions
of a potent inductive signaling center functionally analo-
gous to the amphibian Spemann organizer (for review, see
Lamaire and Kodjabachain, 1996; Harland and Gerhart,
1997). In the frog Xenopus, the process of dorsal specifica-
tion begins shortly after fertilization with the establish-
ment of regional asymmetries along the presumptive
dorsal–ventral axis of the zygote. Within the first cell cycle,
a dramatic cytoplasmic reorganization involving a cortical
rotation leads to the localization or local activation of
maternally derived “determinants” on the dorsal side of the
embryo. Recent evidence has suggested that the maternally
deposited b-catenin protein, an effector of the WNT signal-
ing pathway, may be sufficient to fulfill the role of a dorsal f
190determinant (for review, see Moon and Kimmelman, 1998).
The nuclear accumulation of b-catenin protein in cells on
the dorsal side of the embryo represents one of the earliest
known molecular asymmetries along the presumptive
dorsal–ventral axis. The inheritance of dorsal determinants
by descendents of the dorsal blastomeres is thought to
establish a primary inductive signaling activity. This pri-
mary inductive activity is predominantly, but not exclu-
sively, restricted to the large yolky dorsal-vegetal cells of
the blastula stage embryo, a region often referred to as the
Nieuwkoop center (Gerhart et al., 1989). Subsequently,
on-cell-autonomous activity of the Nieuwkoop center
nfluences the establishment of a secondary inductive sig-
aling center in the overlying mesoderm, the Spemann
rganizer.
The Spemann organizer can induce and pattern neural
ates in the overlying ectoderm, dorsalize lateral mesoderm,
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191Zebrafish nieuwkoid/dharma Role in bmp2b Repressionand, when transplanted into the ventral side of the embryo,
generate a secondary dorsal axis including neural plate
(reviewed in Gerhart et al., 1989). The Spemann organizer
nductive activity has been proposed to result, in part, from
he inhibition of instructive ventralizing signals associated
ith members of the BMP family of secreted growth factors
reviewed in Graf, 1997). Accordingly, the organizer se-
retes proteins, such as chordin and noggin, that can
irectly bind to and antagonize BMP signals. In addition to
ignaling activities, cells of the organizer and their descen-
ents contribute directly to tissues such as prechordal plate
esoderm, notochord, neural tissue, and gut endoderm,
long the rostral to caudal extent of the dorsal axis (Harland
nd Gerhart, 1997). Although analogous Spemann-type or-
anizer regions have been identified in all vertebrate species
tudied, such as the node in the mouse, Henson’s node in
mniotes, and the dorsal shield in teleosts, the molecular
echanisms underlying and mediating the establishment
f the organizer remain less well understood in vertebrate
pecies outside amphibians (Eyal-Giladi, 1997).
Recent efforts have been applied toward determining to
hat degree the amphibian organizer specification pathway
mploying the Nieuwkoop center is conserved in the pro-
ess of dorsal axis specification in other vertebrate embryos.
owever, differences in embryonic morphology and tissue
istributions among different vertebrate embryos make
patial correlations less obvious (Eyal-Giladi, 1997; Tam
nd Quinlan, 1996). For example, the Nieuwkoop center or
rganizer-inducing activity is maximal in the dorsal-vegetal
ells in Xenopus; however, corresponding vegetal cells in
he zebrafish are not obviously present. In fact, directly
nderlying the presumptive organizer cells in the zebrafish
s a specialized region of the yolk cell which forms an
xtraembryonic tissue called the yolk syncytial layer or
SL (Kimmel and Law, 1985b).
Historically, the YSL has been proposed to play an in-
tructive role in the specification of blastoderm cell fates.
lastoderm transplantation experiments performed in the
rout and goldfish have indicated that a small region of the
SL possesses organizer-inducing or Nieuwkoop center-
ike activities (Long, 1983; Yamaha et al., 1998). In addition,
he animal region of yolk cell, including the YSL, exhibits
esoderm-inducing and patterning activity when trans-
lanted onto the animal region of a host embryo (Mizuno et
l., 1996). Further evidence supporting a role of the teleost
SL in the process of dorsal specification has come from
nalysis of b-catenin protein localization in the early em-
bryo. In the midblastula-stage zebrafish embryo, b-catenin
rotein becomes localized to the nuclei in a restricted
egion of the dorsal YSL; subsequently the nuclear accumu-
ation occurs in both the dorsal YSL and the overlying
orsal blastomeres (Schneider et al., 1996).
Insight into the process of organizer specification in the
ebrafish has come from the independent isolation and
nalysis of the zygotically expressed nieuwkoid and
harma homeobox genes (Koos and Ho, 1998; Yamanaka et
l., 1998). Comparison of the sequence indicates that these
Copyright © 1999 by Academic Press. All rightwo genes encode the same paired-like homeobox gene.
ieuwkoid/dharma expression is first detected shortly after
he midblastula transition in the dorsal blastoderm cell
argin, directly overlying the region of b-catenin nuclear
ccumulation in the YSL. At the onset of gastrulation
pproximately 3 h later, expression is detected only in the
SL directly underneath the dorsal shield, the fish equiva-
ent of the Spemann organizer. In addition, the nieuwkoid/
harma paired-like homeobox gene exhibits non-
ell-autonomous organizer-inducing activities upon misex-
ression in blastoderm cells or in the YSL (Koos and Ho,
998; Yamanaka et al., 1998). The dynamic and dorsally
estricted expression of nieuwkoid/dharma combined with
ts dorsalizing and organizer-inducing activity suggested
hat the nieuwkoid/dharma gene is an important compo-
ent in the process of shield specification, possibly both
haracterizing and mediating a Nieuwkoop center-like ac-
ivity.
Zebrafish embryos with a mutation in the bozozok
bozm168, i2) gene fail to form a morphologically distinct
shield at the onset of gastrulation, suggesting that these
mutant embryos have reduced or impaired organizer activ-
ity (Solnica-Krezel et al., 1996; Blagden et al., 1997). Con-
istent with diminished gastrula organizer activity, boz
utant embryos show severe defects in the development of
xial mesendoderm along the entire rostral to caudal axis
nd also exhibit severe deficiencies in forebrain and ventral
pinal cord regionalization. The most severely affected boz
utants display a complete loss of both notochord and
oorplate in the trunk and tail combined with reduced or
bsent eyes and forebrain (Solnica-Krezel et al., 1996;
Fekany et al., 1999).
In this paper, we report that the bozozok mutation
represents a defect within the nieuwkoid/dharma ho-
meobox gene. A single base-pair substitution in the bozm168
mutant allele of the nieuwkoid/dharma gene results in a
premature stop codon which encodes a truncated protein
product lacking the putative DNA binding domain. This
truncated protein product fails to induce a functional orga-
nizer in misexpression assays. Morphological and marker
gene analyses demonstrate that homozygous mutant em-
bryos exhibit impaired specification of dorsal mesendoderm
and neuroectodermal cell fates along the entire anteropos-
terior axis. The mutant phenotype can be rescued in a
nonautonomous manner by misexpression of nieuwkoid/
dharma directly in the YSL. Furthermore, the bozozok-
associated dorsal deficiencies are accompanied by either
derepressed or expanded expression of genes associated
with the specification of ventral fates. In addition, ectopic
expression of nieuwkoid/dharma/bozozok RNA is suffi-
cient to lead to a down regulation of the zygotic expression
of the ventralizing factor, zbmp2b, prior to the onset of
gastrulation. These results indicate that dorsal–ventral an-
tagonism may already occur at the level of the Nieuwkoop
center before the process of organizer specification.
s of reproduction in any form reserved.
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192 Koos and HoMATERIALS AND METHODS
Isolation of the bozozok allele of the nieuwkoid/dharma gene.
A genomic fragment containing the nieuwkoid/dharma gene body
was isolated using PCR with Pfu high-fidelity polymerase (Strat-
agene) templated by genomic DNA isolated from individual ho-
mozygous bozozok embryos at 26 hpf, a stage at which the mutant
phenotype is obvious. The primers used were based on the
nieuwkoid/dharma cDNA sequence: 6.5.P2, 59-GCT AAT CTG
ATT CCT GAT GAT CC, and 6.5P5, 59-TTT TGG GCA CCC CTA
CAC. The PCR parameters were hot start, 94°C for 45 s, 54°C for
45 s, 72°C for 2 min 30 s, 30 cycles. The PCR products correspond-
ing to the nieuwkoid/dharma genomic fragments were modified
using the standard A-tailing protocol (Promega) and then ligated
into pGemTeasy (Promega) and sequenced in both directions by the
Princeton Syn/Seq facility.
Constructs and site-directed mutagenesis. To create more
stable transcripts, the entire coding sequence of the nieuwkoid/
dharma gene was excised out of pAA1.2 (Koos and Ho, 1998) by
BamHI/EcoRI double digestion and ligated into pCS21 (Turner and
Weintraub, 1994) to create pDSK68.2. Site-directed mutagenesis to
prepare pBOZM1 was performed on pDSK68.2 using the Quick-
Change mutagenesis kit (Stratagene) employing the primers M1F,
59-CCT TGT CCA TCA TGA CCA GGG ATG TAC TGC, and
M1R, 59-GCA GTA CAT CCC TGG TCA TGA TGG ACA AGG.
pBOZM2 was prepared using the primers M2F, 59-G GTT ACC
GAC TAG CCG ACC CTC GAG ACC, and M2R, 59-GGT CTC
GAC GGT CGG CTA GTC GGT AAC C. The changed nucleotide
is underlined. To prepare pBOZM3, the amino-terminal half of
nwk/dharma was isolated from pDSK68.2 by double digestion with
amHI and SalI and this fragment containing the sequence encod-
ng amino acids 1–85 was ligated into pCS21 previously prepared
by BamHI and XhoI double digestion.
Genetic linkage analysis and genotyping. Adult heterozygote
bozm168 fish were generously provided by Dr. Lilianna Solnica-
Krezel. Linkage was determined by mapping a BspHI restriction
site polymorphism between bozm168 carriers and *AB wild-type
reference strain. The segregation of this restriction fragment length
polymorphism (RFLP) was followed into phenotypically mutant
and wild-type sibling pools of 50 F2 embryos derived from a cross
between a bozm168 heterozygous carrier and the *AB line. The RFLP
segregated with bozm168, demonstrating that nieuwkoid/dharma
and boz are linked. The primer pair used for mapping was 6.5P5 and
6.5.P2. PCR was performed with Pfu polymerase (Stratagene)
templated by 0.25 embryo DNA equivalent using the cycling
parameters hot start, 94°C for 45 s, 54°C for 45 s, 72°C for 2 min
30 s, 33 cycles. Genomic DNA was prepared from individual
embryos fresh or post in situ or from adult fin clips as per “The
Zebrafish Book” (Westerfield, 1994).
In situ hybridization and histology. Zebrafish embryos were
obtained from natural spawnings and staged as described by Kim-
mel et al. (1995). Single-color in situ hybridizations were performed
essentially as previously described in Thisse et al. (1993). Antisense
riboprobes for axial, bmp2b, chordin, a-coll2a1, emx1, flh, gsc,
krox20, nieuwkoid (pAA1.2), shh, spt/tbx16, and twist were syn-
thesized using T7, T3, or SP6 RNA polymerase (Promega) and Dig
labeled rNTPs (Boehringer) as appropriate; probes were not hydro-
lyzed prior to use. A partial cDNA encoding emx1 was fortuitously
isolated during a survey of paired-like homeobox genes expressed in
the zebrafish blastula (D.S.K., unpublished) and was used to prepare
a riboprobe.
r
d
Copyright © 1999 by Academic Press. All rightMicroinjection. Synthetic capped sense nieuwkoid/dharma
RNA was prepared using Ambion Messagemaker in vitro transcrip-
tion kit with Sp6 RNA polymerase according to the manufacturer’s
directions. RNAs were resuspended in sterile water and diluted in
a 5% solution of fluorescein-conjugated dextran (10K; Molecular
Probes) in 0.2 M KCl.
RESULTS
bozozok Encodes the nieuwkoid/dharma
Homeodomain Protein
The zebrafish nieuwkoid/dharma paired-like homeobox
gene exhibits non-cell-autonomous organizer-inducing ac-
tivities upon misexpression in blastoderm cells or in the
extraembryonic tissue, the YSL (Koos and Ho, 1998; Ya-
manaka et al., 1998). To test whether the nonautonomous
organizer-inducing activities of nieuwkoid/dharma indi-
cated by the gain of function analyses represent an essential
component in the process of gastrula organizer specifica-
tion, we sought to determine if any of the recently isolated
mutants (Solnica-Krezel et al., 1996) which display pheno-
types consistent with reduced or impaired organizer speci-
fication harbor a mutation in the nieuwkoid/dharma gene.
Using this candidate mutant approach we report that the
nieuwkoid/dharma homeobox gene encodes the product of
the bozozok locus.
PCR with nieuwkoid/dharma-specific primers was used
to amplify a genomic fragment encompassing the
nieuwkoid/dharma gene body from genomic DNA derived
from individual wild-type and homozygous bozm168 mutant
mbryos collected at a stage of development at which the
utant phenotype is clearly visible. Sequence analysis of
he genomic isolates indicated that the bozm168 allele of
ieuwkoid/dharma contains a single base-pair (TGG 3
GA) substitution in the coding sequence which changes
he codon for a tryptophan residue at position 70 into an
pal nonsense codon (Fig. 1a). The predicted mutant trans-
ation product consists of the amino-terminal 69 amino
cids of Nieuwkoid/Dharma. This severely truncated mu-
ant gene product would include the Goosecoid Engrailed
omology (GEH) (Koos and Ho, 1998) at the extreme amino-
erminal but would completely lack the putative DNA
inding domain (Fig. 1b). In addition to generating a stop
odon, the single base-pair substitution within the mutant
llele forms a BspHI restriction endonuclease site and thus
rovides a polymorphism that is directly associated with
he mutation (Fig. 1c). Using this polymorphism, we con-
rmed that only embryos homozygous for the bozm168 lesion
isplay the mutant phenotype, thereby confirming that this
llele segregates as a recessive. Based on these results, we
eport that the bozozok locus encodes the nieuwkoid/
harma homeobox gene.
s of reproduction in any form reserved.
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193Zebrafish nieuwkoid/dharma Role in bmp2b RepressionThe bozozokm168 Allele Lacks the Ability to Induce
a Functional Organizer
Because of the variable severity of the ventralized
phenotype in boz mutant embryos, it was imperative to
determine if the bozm168 lesion resulted in a complete loss
f nieuwkoid/dharma activity. To address this, we ex-
mined the dorsalizing activity of a synthetic nieuwkoid/
harma RNA carrying the bozm168 lesion (BOZ.M1, W703
opal) in wild-type embryos. Previous studies (Koos and
Ho, 1998; Yamanaka et al., 1998) have demonstrated that
misexpression of wild-type nieuwkoid/dharma RNA in
early blastomeres of cleavage stage embryos is sufficient
to induce ectopic expression of the organizer-specific
gene goosecoid (gsc) (Stachel et al., 1993). As shown in
Fig. 2b, injection of 20 pg of wild-type nieuwkoid/
dharma RNA in both blastomeres of two-cell-stage em-
bryos leads to the radially expanded expression of the
organizer gene gsc around the entire blastoderm circum-
FIG. 1. The bozozok locus encodes the Nieuwkoid/Dharma h
ieuwkoid/dharma from DNA isolated from homozygous wild t
ubstitution in the nieuwkoid/dharma ORF that changes W70 to an
he mutant base substitution. (b) Schematic depicting the conceptu
he severely truncated 69-aa product derived from the bozm168 allele
box denotes the GEH motif in the amino-terminal. (c) The molecu
polymorphism in which the single base-pair substitution TGG 3
nieuwkoid/dharma is linked to bozm168, as shown by segregation
amplified from genomic DNAs from mapping crosses. A 1.1-kb
leaved by BspHI digestion in wild type. The bozm168 mutant version
ane 1, homozygous wild-type G0 fish (*AB strain); lane 2, heter
wild-type sibs; lane 5, F2 phenotypically wild-type heterozygous
digested fragment generated by the BspHI site present in the bozm1
RFLP.ference at the onset of gastrulation (30/30). In contrast,
injection of the same concentration of BOZ.M1 RNA was
w
o
Copyright © 1999 by Academic Press. All rightonly weakly able to induce ectopic gsc expression (5/30)
and the gsc expression did not extend around the entire
lastoderm circumference (Fig. 2c). Misexpression of an-
ther recombinant nieuwkoid/dharma RNA engineered
o contain an amber stop codon at the 25th residue
Y139 3 amber) of the homeodomain (BOZ.M2) also was
able to weakly induce ectopic gsc expression at the onset
of gastrulation (6/34) (data not shown). The residual
gsc-inducing activity of these mutagenized nieuwkoid/
dharma RNAs may indicate that the amino-terminal half
of nieuwkoid/dharma possesses dorsalizing activity or it
may represent the activity of a full-length product pro-
duced by a low level read through the stop codon. In order
to discern between these two possibilities, we generated
a truncated nieuwkoid/dharma construct that contains
equence encoding only the amino-terminal 85 amino
cids of Nieuwkoid/Dharma (BOZ.M3). Misexpression of
OZ.M3 in both blastomeres of two-cell-stage embryos
odomain protein. (a) Comparison of the genomic sequence of
*AB strain) and homozygous bozm168 indicates a single base-pair
l stop codon. Asterisk denotes the stop codon. Arrowhead denotes
translated 192-amino-acid product derived from the AB allele and
gray-shaded box denotes the homeodomain and the black-shaded
esion in the bozm168 allele generates a restriction fragment length
destroys an EaeI recognition site and generates a BspHI site. (d)
spHI restriction polymorphism in nieuwkoid/dharma sequences
-amplified product from the nieuwkoid/dharma sequence is not
leaved by BspHI digestion, reducing the fragment to 0.8 kb (arrow).
ous bozm168 G0 fish; lane 3, size marker; lane 4, F2 homozygous
lane 6, F2 mutant sibs (homozygous bozm168). Arrow denotes the
t not in the *AB strain. The bozm168 mutation segregates with thisome
ype (
opa
ally
. The
lar l
TGA
of a B
PCR
is c
ozyg
sibs;as unable to induce ectopic expression of gsc at the
nset of gastrulation (0/18) (Fig. 2d). These results dem-
s of reproduction in any form reserved.
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194 Koos and Hoonstrate that the amino-terminal half of nieuwkoid/
dharma is insufficient to mediate the induction of an
organizer and gsc expression. The possibility exists that
low level readthrough of the bozm168 lesion may account
or the incomplete penetrance of the mutant phenotype
mong homozygous mutant embryos.
Autoregulation of bozozok Prior to the Onset of
Gastrulation
The identification of the defect in the bozozok mutant
allowed us to examine if nieuwkoid/dharma function is
equired for its own expression. In wild-type embryos,
FIG. 2. The bozozokm168 allele lacks the ability to induce a functio
f gastrulation (6 hpf). Dorsal is to the right. Embryos were injected
apped, sense RNA (20 pg per blastomere). (a) gsc expression in un
egion of the dorsal margin in the cells of the forming shield. (b) Rad
f wild-type nieuwkoid/dharma RNA into both blastomeres at th
harma containing the bozm168 lesion (W70 to opal), can only wea
wo-cell stage. Arrowhead highlights ectopic weak expression of g
harma that contains coding sequence encoding only the N-term
xpression when injected as in (b) and (c).
IG. 3. Autoregulation of bozozok prior to the onset of gastrulatio
n homozygous bozm168 embryos (b) as detected by in situ hybridiza
and (b) using PCR and digestion with BspHI. Lane 1, size marker; l
homozygous bozm168 embryo shown in (b); lane 4, no-template conieuwkoid/dharma is first expressed shortly after the mid-
lastula transition (MBT) (3.3 hpf) in a small group of cells
r
t
Copyright © 1999 by Academic Press. All rightn the dorsal blastoderm margin. Subsequently, at sphere
tage (4 hpf), nieuwkoid/dharma expression can be detected
oth in dorsal blastoderm cells and within a restricted
egion of the YSL directly underlying the blastoderm ex-
ression (Fig. 3a). At 3.3 hpf only a small fraction of boz
utant embryos exhibited reduced nieuwkoid/dharma ex-
ression (data not shown). However, by sphere stage at 4
pf, nieuwkoid/dharma expression in most of the mutant
mbryos was strongly reduced or absent (16/17) (Fig. 3b).
herefore, Nieuwkoid/Dharma activity appears to be re-
uired to maintain the expression of the nieuwkoid/
harma gene in the dorsal blastoderm margin and YSL.
urthermore these results indicate that the amino-terminal
ganizer. All embryos are animal pole facing the viewer at the onset
oth blastomeres at the two-cell stage with the indicated synthetic,
ted wild-type embryo (*AB). gsc expression is confined to a small
pression of gsc in the entire margin of embryos following injection
-cell stage. (c) BOZ.M1 RNA, an engineered allele of nieuwkoid/
nduce gsc expression when injected into both blastomeres at the
) Injection of BOZ.M3 RNA, a recombinant allele of nieuwkoid/
5 amino acids of Nieuwkoid/Dharma, fails to induce ectopic gsc
euwkoid/dharma RNA is present in wild-type embryos (a) but not
at sphere stage (4 hpf). (c) Post-in situ genotyping of embryos in (a)
, homozygous wild-type embryo (*AB strain) shown in (a); lane 3,nal or
in b
injec
ial ex
e two
kly i
sc. (d
inal 8
n. ni
tionegion of nieuwkoid/dharma is insufficient for autoregula-
ion of its transcription.
s of reproduction in any form reserved.
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195Zebrafish nieuwkoid/dharma Role in bmp2b RepressionMorphological Characterization of the Ventralized
boz Mutant Phenotype
Embryos homozygous for the bozm168 mutation display
orphologies and gene expression, such as loss of dorsal
esendoderm and impaired neuroectodermal patterning,
onsistent with a reduced or impaired gastrula organizer
ctivity. boz mutant embryos cannot be distinguished mor-
phologically until just before the onset of gastrulation. In
the wild-type embryo, dorsal convergence movements oc-
curring in the pregastrula lead to the formation of a con-
densation of cells on the dorsal margin that is collectively
referred to as the dorsal shield (Warga and Kimmel, 1990),
the teleost equivalent of the amphibian Spemann organizer
(Fig. 4a). In contrast, boz mutant embryos form a reduced
condensation of cells on the dorsal margin (Fig. 4b), suggest-
ing that the process of shield specification is impaired in the
boz mutant embryo and may be manifested as a reduction
of dorsal convergence movements.
At later stages of development, boz mutant embryos
display a severe loss of dorsal mesodermal and ventral
neural ectodermal fates. During early somitogenesis in the
normal embryo, the notochord and floorplate occupy the
dorsal midline separating bilateral blocks of paraxial somite
tissue (Figs. 4c and 4e). In severely affected boz mutant
embryos, the notochord and floorplate are absent in the
trunk and the lateral blocks of somites are fused across the
midline (Figs. 4d and 4f). Morphological analysis at 24–26
hpf revealed that, in addition to the lack of dorsal midline
tissues in the trunk and tail, boz mutant embryos exhibit
defects in rostral patterning of the head often resulting in
truncations of the forebrain region and reduction or absence
of eyes (Figs. 4h and 4i). Within a single clutch the expres-
sivity of the mutant phenotype varies along the extent of
the rostral/caudal axis. Mutant phenotypes with defects in
the trunk/tail are more frequent than mutant phenotypes
with trunk/tail and head, possibly indicating differences in
the requirement for nieuwkoid/dharma function in pat-
terning the head versus patterning trunk and tail.
Impaired Dorsal Specification in boz Mutant
Gastrulae
To investigate the molecular basis of the morphological
defects observed in boz mutant embryos, we first examined
series of genes normally expressed in the shield and along
he dorsal midline during gastrulation. In the zebrafish late
lastula and early gastrula, the expression domain of
hordino (chd), the zebrafish orthologue of the Xenopus
hordin gene, is thought to correlate with the field of
rganizer activity (Miller-Bertoglio et al., 1997; Schulte-
erker et al., 1997). In wild-type embryos at the onset of
astrulation, chd is expressed in a dorsally restricted region
hat encompasses approximately one-quarter of the blasto-
erm circumference (Fig. 5a). As gastrulation proceeds, chd
expression is detected in the nascent axis as well as in
bilateral domains flanking the dorsal shield (Fig. 5c). In
contrast, chd expression in boz mutants at the onset of
Copyright © 1999 by Academic Press. All rightastrulation is greatly reduced (Fig. 5b). Furthermore,
hroughout gastrulation, chd expression in boz mutant
mbryos is not expressed in the dorsal mesendoderm in the
ascent axis (Fig. 5d).
In the gastrula embryo, the expression of gsc is associated
ith the specification of the anterior mesendodermal cell
ates that will contribute to the prechordal plate (Stachel,
993). In the wild-type midgastrula embryo, gsc expression
s confined to the anterior end of the developing axis (Fig.
e). In severely affected boz mutant embryos, the anterior
sc expression domain is dramatically lost (Fig. 5f). The
xpressions of flh (znot), twist, axial (zebrafish HNF3b), and
tl (zebrafish brachyury) in the dorsal midline are associ-
ated with the specification of dorsal mesoendodermal fates
such as notochord (Talbot et al., 1995; Halpern et al., 1995;
Strahle et al., 1995; Schulte-Merker et al., 1994; respec-
tively). While these genes are strongly expressed in the
dorsal midline tissue of wild-type embryos (Figs. 5g, 5i, and
5k) the expression of all four of these genes is reduced or
absent in boz mutant embryos (Figs. 5h, 5j, and 5l). Two of
these genes are also expressed during gastrulation in non-
dorsal midline tissues, such as axial (Strahle et al., 1995) in
the presumptive paraxial endoderm and ntl (Schulte-
Merker et al., 1994) in the ventral lateral mesoderm (Figs. 5i
and 5k). In contrast to the expression of these genes in
dorsal midline tissue, the nondorsal midline expression of
these genes appears unaffected in boz mutant embryos.
These results indicate that nieuwkoid/dharma function is
required specifically for the specification of dorsal midline
cell fates and not ventral or lateral cell fates.
Expanded Ventral Gene Expression in boz Mutant
Gastrulae
The loss of dorsal mesendoderm gene expression in boz
mutant gastrula embryos is accompanied by the expanded
expression of genes associated with the specification of
ventral fates such as eve1, a zebrafish orthologue of the
Drosophila even skipped homeobox gene (Joly et al., 1993),
nd the spadetail T box gene (spt/tbx16) (Griffin et al.,
998; Ruvinsky et al., 1998). In midgastrula wild-type
embryos, eve1 expression is excluded from dorsal tissue and
is expressed only within the ventral posterior epiblast in a
domain that encompasses the ventral half of the blastoderm
circumference (Fig. 5o) (Joly et al., 1993). Consistent with
reduced gastrula organizer activity, eve1 expression in boz
mutant embryos is expanded into the dorsal region (Fig. 5p).
Interestingly, completely radial eve1 expression was never
observed in boz mutant embryos (n 5 20).
The specification of paraxial fates, such as trunk somitic
tissue, requires spt/tbx16 function (Griffin et al., 1998).
spt/tbx16 is expressed in wild-type embryos in the ventral–
lateral regions of the gastrula and excluded from the poste-
rior dorsal midline tissues (e.g., notochord) (Fig. 5q) (Griffin
et al., 1998; Ruvinsky et al., 1998). In boz mutant embryos,
spt/tbx16 expression invades the dorsal region often leaving
no gap in the expression domain at the dorsal margin (Fig.
s of reproduction in any form reserved.
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196 Koos and HoFIG. 4. Morphological characterization of the ventralized boz mutant phenotype. (a) Animal pole view of wild-type embryo at the onset
f gastrulation (6 hpf). A condensation of cells (arrowhead) denotes the forming shield on the dorsal side of the embryo. (b) Severely affected
omozygous bozm168 mutant embryos fail to form a shield. (c and d) Dorsal views of wild-type and homozygous bozm168 mutant embryos,
respectively, at 12 hpf. Anterior is toward the top. In wild-type embryos the notochord (arrowhead) is present in the midline separating the
lateral blocks of somites (arrow) (c). In homozygous bozm168 mutant embryos (d), the notochord is absent, and the somites are fused across
he dorsal midline. (e and f) Optical section of the embryos in (c) and (d), respectively, at the level of the first somite. View is from the
nterior. The notochord (arrowhead) is present in wild-type embryos (e) and absent in homozygous bozm168 mutant embryos (f). (g and h)
rofiles of wild-type and homozygous bozm168 mutant embryos, respectively, at 26 hpf. Anterior is to the left. Dorsal midline structures such
s notochord and floorplate (arrow) are present in wild-type embryos (g), but lacking in homozygous bozm168 mutant embryos (h). (i and
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b
a
t
m
h
e
b
a
e
m
T
s
g
T
i
E
b
1
c
M
e
t
i
d
c
c
p
r
e
d
c
b
d
b
h
T
p
t
a
h
e
p
fl
197Zebrafish nieuwkoid/dharma Role in bmp2b Repression5r). spt/tbx16 is also expressed in the anterior of the
zebrafish embryo in a domain that is reported to encompass
part of the prechordal plate during gastrulation (Fig. 5q)
(Griffin et al., 1998; Ruvinsky et al., 1998). This anterior
expression of spt/tbx16 is also reduced or absent in severely
affected boz mutant embryos (Fig. 5r).
Impaired Anterior Neural Ectoderm Patterning in
boz Mutants
Following the end of gastrulation, boz mutant embryos
display defects in the ectoderm as well as the mesendoderm
along the entire anteroposterior axis. In 14-hpf wild-type
embryos, the emx1 homeobox gene is regionally expressed
within the prosencephalon, specifically in the anlage of
telencephalon (Morita et al., 1995) (Fig. 6a). In boz mutant
embryos, emx1 expression is reduced or absent (Fig. 6b). In
order to further analyze anterior neural development in boz
embryos, 12-hpf-stage wild-type and boz mutant embryos
were doubly stained to reveal the expression of the floor-
plate and notochord marker sonic hedgehog (shh) and the
hindbrain marker krox20. At this stage in wild-type em-
ryos shh expression is detected in the anterior floorplate
nd krox20 is expressed in the hindbrain region in presump-
ive rhombomeres 3 and 5 (Fig. 6c). In severely affected boz
utant embryos, the expression of shh is reduced or absent;
owever, the development of the hindbrain indicated by the
xpression of krox20 appears unaffected.
Monitoring the expression of paxb (Krauss et al., 1993) at
22 hpf revealed further patterning defects in the rostral
neuroectoderm of boz mutants. paxb expression in the
rostral neural ectoderm of wild-type embryos is restricted
to the optic stalks and the midbrain–hindbrain region (Fig.
6d). As shown in Figs. 6e and 6f, boz mutants with head
defects can be grouped into a graded series of anterior
truncations of paxb expression with the most severe cases
exhibiting the loss of expression rostral to and including the
midbrain–hindbrain boundary. Midline development was
further characterized by the analysis of the expression of
a-coll2a1 (Yan et al., 1995) at 22 hpf. At this stage,
a-coll2a1 is expressed in the dorsal midline in the floor-
plate, notochord, hypochord, and axial endoderm of wild-
type embryos (Fig. 6g). Severely affected boz mutant em-
ryos continue to exhibit defective floorplate specification
nd a severe loss of notochord and hypochord along the
ntire anteroposterior axis (Fig. 6h).
Rescue of the boz Mutant Phenotype by YSL
Expression of nieuwkoid/dharma RNA
In wild-type embryos shortly after the midblastula tran-
sition, the nieuwkoid/dharma gene is expressed in a few
j) Profile view of the head region of wild-type and homozygous bo
mutant embryos often lack differentiated eyes (arrowhead) and display a
midbrain region (arrow).
Copyright © 1999 by Academic Press. All rightarginal blastoderm cells on the dorsal side of the embryo.
hen as development proceeds, this expression shifts to a
mall region of the dorsal YSL which, by the onset of
astrulation, directly underlies the developing organizer.
he functional relevance of nieuwkoid/dharma expression
n blastoderm cells relative to YSL expression is unclear.
arly cleavage-stage blastomeres are cytoplasmically
ridged to the underlying yolk cell (Kimmel and Law,
985a). The YSL itself is derived from the blastomeres that
ontinue to maintain cytoplasmic bridges to the yolk cell at
BT (Kimmel and Law, 1985b). Thus, RNA injected into
arly blastomeres can be distributed both within the blas-
oderm cells and to the YSL. However, an injection directly
nto the YSL once it has become cytoplasmically distinct is
istributed only within the YSL and to a few specialized
ells that remain associated to the YSL called forerunner
ells (Cooper and D’Amico, 1996). We exploited these
otential distribution differences to gain insight into the
egional requirements of nieuwkoid/dharma function in
boz mutant embryos, by comparing the rescue potential of
wild-type nieuwkoid/dharma RNA ectopically expressed
ither in early blastomeres and YSL or in the YSL only.
To test for dorsalizing activity, synthetic nieuwkoid/
harma RNA was injected into the early blastomeres of
leavage-stage embryos obtained from an intercross of
ozm168 heterozygotes. The misexpression of nieuwkoid/
harma RNA in two distant blastomeres of eight-cell-stage
oz mutant embryos and their siblings always generated a
yperdorsalized phenotype later in development (Table 1).
hese hyperdorsalized embryos contain secondary or ex-
anded dorsal axes, as evidenced by ectopic expression of
he axial-mesoderm and floorplate marker shh (Krauss et
l., 1993) and the radially expanded expression of the
indbrain marker krox20 (Oxtoby and Jowett, 1993) (Figs.
7b and 7c) at 12 hpf. These results indicate that the
expression of nieuwkoid/dharma in both blastoderm cells,
as well as in the YSL, is sufficient to rescue the boz
ventralized phenotype and lead to the formation of dorsal
fates.
Next, we sought to determine if YSL expression of
nieuwkoid/dharma alone was sufficient to rescue the de-
velopment of dorsal midline tissues in the trunk and tail of
boz mutant embryos. Using embryos obtained from an
intercross of bozm168 heterozygotes, synthetic nieuwkoid/
dharma RNA was injected directly into one region of the
YSL shortly after YSL formation (3.5 hpf). The injected
embryos were allowed to develop until 22 hpf and stained
for a-coll2a1 (Yan et al., 1995) expression. As described
arlier, at 22 hpf in wild-type embryos, a-coll2a1 is ex-
ressed in dorsal midline tissues such as notochord and
oorplate in the trunk and tail (Fig. 7d). As summarized in
mutant embryos, respectively, at 26 hpf. (j) Homozygous bozm168zm168loss of rostral forebrain neural fates and aberrant patterning of the
s of reproduction in any form reserved.
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198 Koos and HoFIG. 5. Impaired dorsal specification boz mutant gastrulae. Analysis marker gene expression in wild-type (a, c, e, g, i, k, m, o, q) and
omozygous bozm168 mutant (b, d, f, h, j, l, n, p, r) embryos during gastrulation. Embryos in (a) and (b) are staged at the onset of gastrulation
(6 hpf); embryos in (c–n) are midgastrula stage at 80% epiboly (8 hpf). All embryos are oriented with animal pole toward the top. (a), (b) and
(g–n) are dorsal views, (c–f) profile with dorsal to the right. (a) chd expression at the onset of gastrulation (6 hpf) on the dorsal side of
ild-type embryo. (b) In homozygous bozm168 mutant embryos chd expression is reduced at the onset of gastrulation. (c) In wild-type
embryos at 80% epiboly, chd expression is detected in the mesendoderm in the nascent axis (arrowhead) as well as the lateral ectoderm (d).
In homozygous bozm168 mutant embryos, chd expression is reduced or absent in the nascent axis. (e) gsc expression in the wild-type
idgastrula is restricted to the cells of the anteriorly migrating prechordal plate (arrowhead). (f) In homozygous bozm168 mutant embryos,
sc expression is reduced or absent. (g, h) In wild-type embryos the expression of flh (g) and twist (i) is detected in dorsal mesendoderm cells
hat will later give rise to dorsal embryonic structures such as the notochord. In homozygous bozm168 mutant embryos, the dorsal midline
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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199Zebrafish nieuwkoid/dharma Role in bmp2b RepressionTable 1 and Fig. 7e, injection of increasing amounts
nieuwkoid/dharma RNA reduces the penetrance of the boz
mutant phenotype, rescuing notochord and floorplate de-
velopment in the trunk and tail. To confirm that the
injected RNA was not distributed into the cells of the
rescued dorsal embryonic organs, the distribution of lineage
tracer that was coinjected with the RNA was analyzed. As
shown in Fig. 7f, no fluorescently labeled cells were de-
tected in the dorsal midline tissues of rescued boz mutants
and their siblings. However, a small cluster of labeled cells
was detected in the posterior region of the developing tail
(Fig. 7f) and they are most likely descendents of the special-
ized forerunner cells that remain associated with the YSL
for extended periods of time (Cooper and D’Amico, 1996).
Although none of the YSL-injected embryos (boz mutants
or their siblings) exhibited secondary axes or the hyperdor-
salization phenotypes observed after YSL injection, the
injection of 100 pg of nieuwkoid/dharma RNA into the YSL
produced some embryos (3/23 boz homozygotes and 8/70
sibling embryos) that exhibited an everted tube-like tail
containing radial somites by 14 hpf. When monitored for
a-coll2a1 expression at 22 hpf, these tube-tail embryos
contain notochord and floorplate in a curly tail (data not
shown).
zbmp2b Is Ectopically Expressed in Pregastrula
boz Mutants
During gastrulation, boz mutant embryos already exhibit
defects in dorsal specification that will ultimately result in
a loss of dorsal midline tissues. To gain insight into the
pregastrula basis of boz ventralized mutant phenotype, we
examined the expression of bmp2b, a gene encoding a
secreted factor known to function both as an inducer of
ventral fates and as an antagonist of dorsal cell fate speci-
fication. zbmp2b is normally first expressed in the zebrafish
shortly after the midblastula transition in a ubiquitous
manner throughout the blastoderm. Prior to the onset of
gastrulation, zbmp2b transcripts decrease in abundance on
the presumptive dorsal side of the embryo generating a
expression of flh (h) and twist (j) is dramatically reduced. (k) axial is
he paraxial endoderm (arrowhead) in wild-type embryos. (l) In hom
of axial is very reduced; however, the paraxial endoderm expressio
expressed both in the dorsal axial mesoderm and in the involuting
the dorsal midline expression of ntl is reduced but the ventral lat
expression in boz mutant gastrulae. (o and p) The domain of eve
homozygous bozm168 mutant embryos. Embryos are oriented anim
mbryos at 7 hpf, eve1 expression is excluded from the dorsal regi
ircumference. (p) In homozygous bozm168 mutant embryos at 7 h
embryo. (q and r) The expression of tbx16/spt is altered in homozy
the embryos oriented animal pole to the top. (q) In wild-type embry
margin and excluded from the trunk dorsal midline. tbx16/spt is
(arrowhead). (r) In homozygous bozm168 mutant embryos, tbx16/spt is det
domain is greatly reduced or absent.
Copyright © 1999 by Academic Press. All rightleared marginal zone easily visible by 40% epiboly or 5 hpf
Fig. 8a). In boz mutant embryos, the dorsal clearing fails to
ccur and zbmp2b transcripts are detected both in the cells
f the dorsal margin and in the dorsal YSL (Fig. 8c).
To determine if nieuwkoid/dharma activity was suffi-
cient to lead to a reduction in bmp2b expression, wild-type
ieuwkoid/dharma RNA was injected into blastomeres of
leavage-stage embryos and the resultant bmp2b expression
as examined at late blastula stage (5 hpf) prior to shield
ormation. The misexpression of nieuwkoid/dharma RNA
n both blastomeres of two-cell-stage embryos led to the
limination of detectable bmp2b expression throughout the
regastrula embryo, even within the animal pole region
32/39) (Fig. 8d). When bozozok RNA was injected into
separate blastomeres of later cleavage stage embryos, ec-
topic or expanded regions displaying reduced expression of
bmp2b were evident at the blastoderm margin (23/31) (Fig.
8e). These results support the hypothesis that nieuwkoid/
dharma activity is sufficient to lead to the down regulation
of bmp2b expression during the process of organizer speci-
fication in the pregastrula embryo.
DISCUSSION
The bozozok Locus Encodes the nieuwkoid/dharma
Homeobox Gene
We have demonstrated that the locus previously identi-
fied by the bozozok mutation encodes the nieuwkoid/
harma gene. These results corroborate a similar identifi-
ation of the defect in the bozozok mutant by Fekany et al.
(1999). Previous studies (Koos and Ho, 1998; Yamanaka et
al., 1998) have shown that the nieuwkoid/dharma ho-
meobox gene has potent dorsalizing activity and, in this
paper, we demonstrate that mutation of this gene leads to a
severe ventralization of zebrafish embryos. Sequence anal-
ysis of the bozozokm168 allele indicated a single base-pair
substitution in the nieuwkoid/dharma open reading frame
that generates a premature stop codon at position 70.
Conceptual translation of this allele suggests that it en-
ressed during gastrulation in the dorsal mesendoderm as well as in
ous bozm168 mutant embryos, the dorsal mesendoderm expression
s not appear affected (arrowhead). (m) In wild-type embryos, ntl is
ral lateral mesoderm. (n) In homozygous bozm168 mutant embryos,
expression is unaffected (arrowhead). (o–r) Expanded ventral gene
pression is expanded into the dorsal region of the blastoderm in
ole toward the viewer, with dorsal to the right. (o) In wild-type
d detected in cells along the ventral two-thirds of the blastoderm
he eve1 expression domain extends into the dorsal region of the
bozm168 mutant embryos at 80% epiboly (8 hpf). Dorsal view with
x16/spt is expressed in the ventral lateral region of the blastoderm
expressed in the dorsal anterior prechordal plate mesendodermexp
ozyg
n doe
vent
eral
1 ex
al p
on an
pf, t
gous
os, tb
also
ected in the trunk dorsal midline and the dorsal anterior expression
s of reproduction in any form reserved.
I200 Koos and HoFIG. 6. Impaired anterior neural ectoderm patterning in boz mutants. (a and b) Profile views of the developing head region in postgastrula
embryos (14 hpf); the expression of emx1 is detected in the developing forebrain region in wild-type embryos (a) and absent in severely
affected boz mutant embryos (b). (c and d) The expression of the floorplate and notochord marker, shh, and hindbrain marker, krox20, in
the anterior of wild-type and boz mutant embryos, respectively, at 12 hpf. The embryos have been removed from their yolk cell and
mounted flat between coverslips. Anterior is toward the top. At this stage in wild-type embryos (c), shh expression (arrowhead) is detected
in the dorsal midline and krox20 is expressed in the hindbrain region in presumptive rhombomeres 3 and 5 (arrows). In severely affected
boz mutant embryos (d), the expression of shh is reduced or absent, but the development of the hindbrain indicated by the expression of
krox20 appears unaffected. (e–g) Expression of paxb in wild-type and boz mutant embryos at 22 hpf. Embryos have been removed from their
yolk cell and mounted flat with anterior toward the top. Embryos are aligned with the anterior extent of the pronepherous at the bottom.
(e) In the anterior of wild-type embryos, paxb expression is detected in the developing eye stalks (arrowheads), the midbrain–hindbrain
boundary (arrow), the otic placodes (asterisks), the neurons, and the pronepherous. (f, g) boz mutant embryos can be grouped into a series
of truncations of anterior neuronal fates. For example, mildly affected boz mutants (f) exhibit a loss of eye stalk expression and a reduced
midbrain–hindbrain boundary expression of paxb. In severely affected boz embryos (g), these anterior neural deficiencies are enhanced to
include a loss of midbrain–hindbrain expression of paxb. Note that the otic placodes in these severely affected mutants appear to be
enlarged (asterisks). (h and i) Expression of a-coll2a in the trunk and tail of wild-type and boz mutant embryos, respectively, at 22 hpf. At
this stage in wild-type embryos (h), a-coll2a is detected in the floorplate (fl), notochord (n), hypochord (hy), and axial endoderm (arrowhead).
n boz mutant embryos (i), the floorplate, notochord, and hypochord are reduced or absent. However, the expression of a-coll2a in the axial
endoderm is still detected ventral to the dorsal midline (arrowhead).
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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201Zebrafish nieuwkoid/dharma Role in bmp2b Repressioncodes a severely truncated peptide product that would
completely lack the C-terminal portion including the ho-
meodomain. Furthermore, this base-pair substitution leads
to a dramatic loss of organizer-inducing activity in misex-
pression assays. In addition, the base-pair substitution un-
derlying the mutation generates a restriction endonuclease
polymorphism allowing the demonstration that only em-
bryos homozygous for the bozm168 lesion display the ven-
tralized mutant phenotype. Finally, the ventralized pheno-
type of boz mutant embryos was rescued by injection of
wild-type nieuwkoid/dharma RNA either into early blas-
tomeres or directly into the YSL. Our findings show that
dorsal specification of the zebrafish embryo requires
nieuwkoid/dharma/bozozok function and that one impor-
tant component of this function is to repress the expression
of genes specifying ventral fates such as zbmp2b.
Reduced Dorsal Specification in boz Mutants
Transplantation experiments (Shih and Fraser, 1996) and
specification assays (Sagerstrom et al., 1996) have indicated
hat the dorsal shield is the zebrafish equivalent of the
mphibian Spemann organizer. Our morphological exami-
ation and molecular analysis of gene expression in boz
utant embryos has demonstrated that the establishment
f a functional dorsal shield requires nieuwkoid/dharma/
ozozok function. The dorsal shield, which normally forms
s a result of dorsal convergence movements during the
arly gastrulation (Warga and Kimmel, 1990), fails to form
n boz mutant embryos and represents the first morphologi-
al distinction between boz mutant embryos and their
unaffected siblings. The failure to form a dorsal shield at the
onset of gastrulation indicates that dorsal specification
requires nieuwkoid/dharma/bozozok function prior to the
nset of gastrulation.
The functions of a dorsal shield or organizer during
astrulation are required to specify and contribute to axial
esoendodermal fates and to induce ventral neural fates.
TABLE 1
Expression of nieuwkoid/dharma Can Rescue the boz Ventralized
Embryo genotype
Injection
location
Quantity of RNA
injected (pg) em
ozm618 (2/2) — 0
1/1), bozm168 (1/2) — 0
ozm168 (2/2) Blastomeres 20 per blastomere
(1/1), bozm168 (1/2) Blastomeres 20 per blastomere
ozm168 (2/2) YSL 60
(1/1), bozm168 (1/2) YSL 60
ozm168 (2/2) YSL 100
1/1), bozm168 (1/2) YSL 100ate-mapping analyses at the onset of gastrulation in wild-
ype embryos have indicated that the dorsal shield contains
Copyright © 1999 by Academic Press. All rightrogenitors of dorsal midline mesodermal tissues and cells
f the floorplate (Melby et al., 1995; Shih and Fraser, 1995).
n fact, surgical deletion or extirpation of the shield can
esult in the loss of dorsal midline mesoendodermal tissues,
uch as the prechordal plate in the anterior and notochord
n the posterior, along the entire anteroposterior axis of the
mbryo (Shih and Fraser, 1996). Consistent with impaired
r reduced organizer activity during gastrulation, boz mu-
ant embryos exhibit a severe reduction or loss of expres-
ion of genes associated with the specification of dorsal
esoendodermal fates such as gsc (Stachel et al., 1993), flh
(Talbot et al., 1995), axial (Strahle et al., 1993), ntl (Schulte-
Merker et al., 1994), and twist (Halpern et al., 1995) in the
dorsal midline. The nonmidline expression of axial (Strahle
et al., 1993) in the paraxial endoderm and ntl (Schulte-
Merker et al., 1994) in ventral lateral mesoderm appears
unaffected in boz mutants, indicating that nieuwkoid/
dharma/bozozok function is specifically required for the
generation of dorsal midline fates.
The nonautonomous activities of the dorsal shield, such as
the dorsalization of lateral mesoderm and the induction of
neural ectoderm, are thought to be mediated by diffusion of
peptide signals released from the organizer tissue (reviewed in
Harland and Gerhart, 1997). One of the known peptides
secreted by the organizer is the product of the chd gene. Chd
is essential for dorsal specification and has been shown to
antagonize BMP signaling by directly binding to BMP pro-
teins. The expression of chd, which delimits the entire do-
main of organizer activity (Miller-Bertoglio et al., 1997), is
already reduced at the onset and remains affected throughout
gastrulation in boz mutants. The continued decreased expres-
sion of chd in the nascent axis further supports the proposal
that organizer activity is strongly reduced in boz mutants and
also provides insight into why the boz mutant phenotype
appears very similar to the phenotype of embryo misexpress-
ing BMP family members (see below).
The loss of dorsal fates in boz mutant gastrulae is accom-
panied by an expansion of ventral gene expression into the
otype
s
Wild-type
embryos
Hyperdorsalized
embryos
boz
embryos
boz
phenotype
(%)
2 0 15 88
51 0 0 0
0 13 0 0
0 39 0 0
9 0 7 44
46 0 0 0
17 0 6 26
70 0 0 0Phen
Total
bryo
17
51
13
39
16
46
23dorsal region. During gastrulation, the expression of the ven-
tral posterior marker eve1 (Joly et al., 1993) is expanded
s of reproduction in any form reserved.
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202 Koos and Hodorsally in boz mutants; however, this expression does not
ompletely encircle the margin. The dorsal gap in expression
ndicates that a dorsal axis is generated, although it appears
ignificantly reduced. Normally excluded from the dorsal
idline, the ventral lateral expression of tbx16/spt in wild-
ype gastrula-stage embryos is associated with the specifica-
ion of ventral lateral fates such as somitic tissue (Griffin et
l., 1998). In boz mutant embryos, tbx16/spt expression ex-
FIG. 7. Rescue of the boz ventralized phenotype by expression of
arly blastomeres of either wild-type or boz mutant embryos led to
riented anterior to the top. (a) Uninjected wild-type postgastrula e
hh and the hindbrain marker krox20. At this stage, shh expressi
oorplate and notochord. krox20 expression is detected only in the
f wild-type nieuwkoid/dharma RNA in distant blastomeres of e
ormation of expanded or ectopic dorsal fates as indicated by the
njection of nieuwkoid/dharma RNA in boz homozygotes as in (b)
nd boz mutant embryos following injection of nieuwkoid/dharm
f) embryos at 22-hpf stage following injection of nieuwkoid/dharma
are in profile and oriented anterior to the top. YSL injection of nieu
in boz homozygotes (e) but does not lead to the formation of hyp
wild-type (d) and heterozygote siblings. (f) Fluorescence image of r
tracer that was coinjected with the nieuwkoid/dharma RNA. No l
a small group of labeled cells was detected in the posterior regionends into the dorsal midline, often leaving no dorsal gap. This
xpanded tbx16 expression may be due, in part, to the loss of
Copyright © 1999 by Academic Press. All rightxpression of the flh homeobox gene, which has been demon-
trated by mutant analyses to function as a negative regulator
f tbx16 activity in the dorsal midline (Amacher and Kimmel,
998; Yamamoto et al., 1998).
Defective Anterior Neural Ectoderm Patterning in
boz Mutants
zok RNA. (a–c) Injection of wild-type nieuwkoid/dharma RNA in
perdorsalized phenotype. Embryos are at 12-hpf stage. Embryos are
o stained simultaneously for the notochord and floorplate marker
detected along the entire anteroposterior axis in the cells of the
brain region and is restricted to rhombomeres 3 and 5. (b) Injection
ell-stage stage wild-type or boz heterozygote embryos led to the
ic expression of shh and radially expanded krox20 expression. (c)
o the formation of ectopic dorsal fates. (d–f) Analysis of wild-type
A directly into the YSL. Wild-type (d) and bozozok mutant (e and
into the YSL and staining for the expression of a-coll2a. Embryos
d/dharma RNA can rescue the formation of dorsal midline tissues
salized postgastrula phenotype in either boz mutants (e) or their
ed boz mutant embryo in (e) revealing the distribution of lineage
d cells were detected in the midline tissues. However, frequently
e tail (white arrowhead).bozo
a hy
mbry
on is
hind
ight-c
ectop
led t
a RN
RNA
wkoi
erdor
escuNumerous embryonic manipulations performed with
vertebrate embryos have indicated that during gastrulation
s of reproduction in any form reserved.
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203Zebrafish nieuwkoid/dharma Role in bmp2b Repressionthe organizer and the dorsal mesendoderm tissues derived
from it, such as the prechordal plate and posterior noto-
chord, can pattern the neural tube along the entire antero-
posterior axis (reviewed in Sasai and DeRobertis, 1997;
Bronner-Fraser and Fraser, 1997). boz mutant embryos ex-
hibit severe truncations in anterior neural tissues (forebrain
type) but posterior neural tissues (hindbrain and spinal cord
type) are relatively normal. While these results indicate
that neural tissue expressing forebrain markers is reduced
or absent, it is unclear whether these defects represent an
elimination of the forebrain or a transformation to a more
posterior fate. Furthermore, it is not clear to what extent
the anterior neural defects in boz mutants represent a
secondary consequence of the reduction and loss of pre-
FIG. 8. zbmp2b is ectopically expressed in pregastrula boz mutan
mutant embryos prior to the onset of gastrulation. All embryos are
wild-type embryos prior to the onset of gastrulation at 40% epibol
mbryo. The region free of zbmp2b message is complementary to t
for reference in a slightly younger wild-type embryo (c). (b) In contr
in homozygous bozm168 mutant embryos and the persistent zbmp2b
f nieuwkoid/dharma RNA is sufficient for the down regulation
njected with nieuwkoid/dharma RNA in both blastomeres at the
bmp2b expression is strongly reduced throughout the entire bla
njected with nieuwkoid/dharma RNA in two distant blastome
epression are observed (arrows).chordal plate mesendoderm during gastrulation.
It is tempting to speculate that the loss of anterior neural
t
e
Copyright © 1999 by Academic Press. All rightates is a consequence of reduced dorsal shield activity in
oz mutant embryos. Transplantation experiments have
emonstrated that the entire functional shield is required
or the proper specification of the anterior neural ectoderm
nd that prechordal plate mesendoderm alone was unable to
ulfill this role (Grinblat et al., 1998). However, it cannot be
uled out that in addition to specifying the shield, the
ieuwkoop center activity mediated by nieuwkoid/
harma/bozozok in the blastula may specify other cell fates
hat have organizing activities and can pattern the anterior
eural ectoderm. Recently, a population of cells in the
nimal region of the midgastrula have been shown to be
equired for the formation of dorsal anterior tissues such as
he forebrain (Houart et al., 1998). However, the origin of
alysis of zbmp2b expression in wild-type and homozygous bozm168
nted with animal pole toward the top and dorsal to the right. (a) In
ge, zbmp2b transcripts are not detectable on the dorsal side of the
orsal blastoderm region that expresses nieuwkoid/dharma, shown
bmp2b transcripts do not clear completely from the dorsal margin
ression is also detected in the dorsal YSL. (d and e) Misexpression
bmp2b expression in wild-type pregastrula embryos. (d) Embryo
ell stage and assayed for zbmp2b expression at 40% epiboly stage.
rm. (e) zbmp2b expression at 40% epiboly in wild-type embryo
t the eight-cell stage. Ectopic and expanded regions of zbmp2bts. An
orie
y sta
he d
ast, z
exp
of z
two-c
stodehese anterior inductive cells and their relationship to the
arly gastrula organizer is unknown.
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204 Koos and HoMisexpression of Wild-Type nieuwkoid/dharma
Rescues the boz Ventralized Phenotype
To provide further support that reduced nieuwkoid/
dharma activity underlies the defects observed in boz
mutant embryos, misexpression of wild-type nieuwkoid/
dharma RNA in either early cleavage-stage blastomeres or
directly into the YSL by microinjection was used to rescue
boz mutant embryos. The distribution of injected RNA and
lineage tracer within the embryo depended on when and
where the sample was injected. The syncytial nature of the
early embryo combined with the blastoderm cell origin of
the YSL allows samples injected into early blastomeres to
be widely distributed both among blastomeres and in the
YSL. Whereas samples injected into the YSL, after it has
become cytoplasmically distinct from the blastoderm, re-
main mainly confined to the YSL (Kimmel and Law,
1985a,b). Therefore, our injections were designed to com-
pare the rescuing activities of these two regions of the
embryo. Injection of nieuwkoid/dharma RNA into late
blastomeres often led to the formation of duplicated, sec-
ondary dorsal axes. Whereas direct injection of higher
concentrations of nieuwkoid/dharma RNA into the YSL
also significantly rescued the loss of dorsal midline tissue
fates in boz mutants, injection into the YSL failed to induce
ectopic dorsal tissues.
Our misexpression and rescue assays demonstrate that in
both wild-type and boz mutant embryos, misexpression of
nieuwkoid/dharma in the YSL alone is much less effective
at inducing expanded dorsal fates and secondary axes than
injection of RNA into early blastomeres, indicating that
nieuwkoid/dharma blastoderm activity is not equivalent to
the YSL activity. One interpretation of results suggests that
expression of nieuwkoid/dharma in the YSL is only suffi-
cient to refine and rescue the incipient embryonic axis. In
contrast, nieuwkoid/dharma expression in the blastoderm
is sufficient to both influence the incipient embryonic
dorsal axis and induce an ectopic dorsal axis.
Is nieuwkoid/dharma Nieuwkoop Center Activity
Required in the Blastoderm or in the YSL or Both?
In the wild-type midblastula-stage embryo, nieuwkoid/
dharma is first expressed in a small group of blastoderm
cells at the dorsal margin. Subsequently, nieuwkoid/
dharma expression becomes progressively restricted to the
orsal YSL. nieuwkoid/dharma expression is detected in
the blastoderm cells during most of the time period that
nieuwkoid/dharma is expressed; however, the functional
significance of the blastoderm expression relative to the
YSL expression of nieuwkoid/dharma has not been deter-
mined. Evidence that blastoderm cells expressing
nieuwkoid/dharma have Nieuwkoop center-like/organizer-
inducing activity has come from transplantation experi-
ments (Koos and Ho, 1998) in which it was shown that cells
misexpressing this RNA could ectopically induce organizer
gene expression in host cells surrounding the transplanted
cells. Furthermore, blastoderm rotation experiments in a
Copyright © 1999 by Academic Press. All rightelated teleost, the goldfish Carassius auratus, suggest that
rganizer-inducing activity is present and functional both
ithin the blastoderm cells and within the YSL (Yamaha et
l., 1998). In these experiments, entire blastoderms were
emoved from their yolk cells before the MBT, and there-
ore presumably before the expression of any Spemann
rganizer-specific genes. These blastoderms were then reat-
ached to the yolk cell after a rotation which reversed the
orsoventral axis of the blastoderm relative to the yolk cell.
hese manipulated embryos later produce two regions of
rganizer-specific gene expression and ectopic dorsal axes.
n addition, blastoderms that were physically separated
rom their YSL at MBT and cultured in the absence of their
olk cells were capable of generating mesodermal fates
ncluding notochord, a dorsal mesoderm derivative of the
rganizer (Bozhkova et al., 1994). These results support the
otion that a Nieuwkoop center/organizer-inducing activ-
ty may exist within the dorsal blastoderm cells as well as
he dorsal YSL. Consistent with this possibility, research
erformed in Xenopus has demonstrated that pre-MBT
orsal blastomeres located just animal to the dorsal-vegetal
ieuwkoop center cells also posses substantial axis-
escuing activity when transplanted into UV axis-deficient
mbryos (Gimlich, 1986; Kageura, 1990).
nieuwkoid/dharma Activity Is Required for Down
Regulation of zbmp2b in the Pregastrula
The ventralized bozozok mutant phenotype appears very
similar to the phenotype of embryo-misexpressing BMP
family members. The misexpression of bmp4 during early
cleavage stages leads to a progressive loss of dorsal midline
mesodermal cell fates (Kishimoto et al., 1997; Neave et al.,
1997; Nikado et al., 1997). These data prompted us to
examine the expression of BMPs in bozozok mutant em-
bryos. Currently in the zebrafish, two BMP family members
that are expressed prior to the onset of gastrulation have
been reported, zbmp2b and zbmp4 (Nikado et al., 1997). In
wild-type embryos, zbmp2b is initially expressed shortly
after MBT in a ubiquitous manner throughout the blasto-
derm. Subsequently, as epiboly proceeds prior to gastrula-
tion, zbmp2b expression becomes down regulated in the
dorsal side of the embryo, producing a region free of zbmp2
transcripts. Visual comparison suggests that this cleared
region of zbmp2 expression is complementary to the small
restricted expression domain of nieuwkoid/dharma. Anal-
ysis of zbmp2b expression in boz mutant embryos prior to
the onset of gastrulation revealed that zbmp2b expression
fails to clear from the presumptive dorsal side of the embryo
and this ectopic expression in the most severe cases extends
into the dorsal YSL.
The persistent expression of zbmp2b in the dorsal region
of the boz mutant pregastrula embryos strongly suggests
that nieuwkoid/dharma activity is required to down regu-
late bmp2b expression in the zebrafish embryo. Further-
more, misexpression of nieuwkoid/dharma in early em-
bryos is sufficient to lead to a down regulation of bmp2b
s of reproduction in any form reserved.
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205Zebrafish nieuwkoid/dharma Role in bmp2b Repressiontranscription throughout the pregastrula embryo, including
the animal pole region. These results suggest that dorsal
antagonism of ventral signaling cascades is required prior to
the onset of gastrulation at the level of the Nieuwkoop
center for the proper establishment of a functional shield or
gastrula organizer. Much of the current understanding of
BMP ventralizing signaling activity has come from work
focused on the dorsal–ventral specification of mesendoderm
during gastrulation in Xenopus (reviewed in Graff, 1997).
ecently, BMP signaling has been implicated in regulating
he dorsoventral nature of the vegetal mesendoderm induc-
ion centers during early Xenopus development (Nachaliel
t al., 1998). In these experiments, the ectopic expression of
ither bmp4 or one of its intracellular transducers, smad5,
n dorsal-vegetal cells severely impaired the organizer-
nducing activity of the vegetal Nieuwkoop center cells in
oth embryos and recombinant explants. Furthermore, ex-
ression in embryos of a dominant negative BMP2/4 recep-
or in the vegetal mesendoderm-inducing cells led to an
nhancement of dorsal mesoderm induction and inhibited
entral mesoderm induction in the overlying marginal zone
issue. Taken together, these findings suggest that dorso-
entral polarity of the pregastrula embryo requires the
ntagonism of ventralizing activity mediated by BMP sig-
aling even at the level of the Nieuwkoop center.
It is tempting to speculate that nieuwkoid/dharma sup-
resses expression of zbmp2b directly at the level of tran-
cription. Conceptual translation of nieuwkoid/dharma
ndicates that its protein product shares, in its N-terminal,
short amino acid sequence that exhibits homology with a
otif present in both fly and vertebrate Goosecoid proteins
eferred to as the GEH (Goriely et al., 1996; Koos and Ho,
998). Experiments using chimeric and truncated forms of
oosecoid have demonstrated that this region of the tran-
cription factor is required to mediate a transcriptional
epressive activity (Mailhos et al., 1998; Ferreiro et al.,
998). Although the N-terminal region of Nieuwkoid/
harma has not been directly demonstrated to possess
ranscriptional repressor activity, by analogy with Gsc,
ieuwkoid/Dharma would also have repressor activity
hich may directly regulate the transcription of zbmp2b.
Another mechanism by which Nieuwkoid/Dharma
ight suppress zbmp2b mRNA expression is by affecting
he synthesis or transduction of BMP signaling cascades.
nalyses of zebrafish harboring mutations in zbmp2 (Kishi-
oto et al., 1997; Nguyen et al., 1998) and smad5 (Hild et
l., 1999), an essential component for transduction for BMP
ignaling activity, have revealed that zygotic zbmp2b tran-
cription requires functional BMP signaling activity. There-
ore, Nieuwkoid/Dharma may negatively regulate zbmp2b
xpression indirectly by influencing the expression of com-
onents downstream of BMP receptor activation and
hereby interfere with the BMP autoregulatory feedback
oop. A third possibility is that Nieuwkoid/Dharma acts
ndirectly to down regulate BMP signaling by promoting the
xpression of dorsal genes, such as chd, which then in turn
ould antagonize BMP signaling activity.
Copyright © 1999 by Academic Press. All rightFekany et al. (1999) hypothesized that the nieuwkoid/
harma gene was functionally similar to the siamois and
win genes of Xenopus. Despite similarities in the timing
nd location of expression, our data show that the molecu-
ar function of nieuwkoid/dharma appears to differ from
he functions ascribed to siamois and twin. The zebrafish
ieuwkoid/dharma gene exhibits only slight sequence
imilarity to the Xenopus siamois gene. In addition,
ieuwkoid/dharma appears to functionally repress the ex-
ression of ventral-specific genes in the early zebrafish
regastrula, whereas it has been demonstrated that both
iamois and twin activate the expression of dorsal-specific
enes in Xenopus (Lemaire et al., 1995; Laurent et al., 1997).
herefore, rather than activating dorsal-specific genes such
s goosecoid or the nodal-related genes squint (Erter et al.,
998; Feldman et al., 1998) and cyclops (Regeblatti et al.,
998; Sampath et al., 1998), we hypothesize that one of the
rimary functions of the nieuwkoid/dharma gene is to
epress the expression of ventral-specific genes such as
mp, wnt, and vent, thereby allowing the expression of
orsal-specific genes at a later time in development. The
ery early expression of nieuwkoid/dharma immediately
ollowing the onset of MBT during blastula stages and the
xpansion of zbmp2b expression in boz mutants is consis-
ent with this model.
nieuwkoid/dharma/bozozok Autoregulation
In order to determine if nieuwkoid/dharma has autoregu-
lative activities, we examined its expression in boz mutant
mbryos. In boz mutant embryos, nieuwkoid/dharma ex-
pression is already down regulated or absent by the late
blastula stage. These results clearly demonstrate that
nieuwkoid/dharma transcription requires Nieuwkoid/
Dharma activity in the pregastrula.
The spatial and temporal juxtaposition of the blastoderm
expression domain and the YSL expression of nieuwkoid/
dharma are highly suggestive that nieuwkoid/dharma ex-
pression in the blastoderm cells influences its expression in
the dorsal YSL. Transplantation experiments will need to
be performed to determine if nieuwkoid/dharma autoregu-
lation can function in a cell-nonautonomous manner and if
nieuwkoid/dharma-mediated signals do in fact spread from
the blastoderm cells to the underlying YSL.
Cell-autonomous activities may also function to induce
nieuwkoid/dharma expression in the YSL. Just prior to and
during MBT, the last blastoderm cells that maintain cyto-
plasmic connections to the underlying yolk cell fuse to-
gether to form the YSL nuclear syncytium in the animal
region of the yolk cell (Kimmel and Law, 1985b). It is
conceivable that regional asymmetries inherited or estab-
lished within the basal region of the blastoderm prior to
MBT will also be cell-autonomously imprinted into the
YSL when it forms at MBT.
s of reproduction in any form reserved.
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